We present the first investigation of optomechanics in an integrated one-dimensional gallium phosphide (GaP) photonic crystal cavity. The devices are fabricated with a newly developed process flow for integration of GaP devices on silicon dioxide (SiO 2 ) involving direct wafer bonding of an epitaxial GaP/Al x Ga 1-x P/GaP heterostructure onto an oxidized silicon wafer. Device designs are transferred into the top GaP layer by inductively-coupled-plasma reactive ion etching and made freestanding by removal of the underlying SiO 2 . Finite-element simulations of the photonic crystal cavities predict optical quality factors greater than 10 6 at a design wavelength of 1550 nm and optomechanical coupling rates as high as 900 kHz for the mechanical breathing mode localized in the center of the photonic crystal cavity. The first fabricated devices exhibit optical quality factors as high as 6.5 × 10 4 , and the mechanical breathing mode is found to have a vacuum coupling rate of 200 kHz at a frequency of 2.59 GHz. These results, combined with low two-photon absorption at telecommunication wavelengths and piezoelectric behavior, make GaP a promising material for the development of future nanophotonic devices in which optical and mechanical modes as well as high-frequency electrical signals interact.
INTRODUCTION
Optomechanical devices are being considered for use in fields as diverse as transduction of superconducting qubits 1, 2 , detection of radio signals in astronomy 3 , and low-power, high-speed communications 4 . An established platform for optomechanics with mechanical resonance frequencies in the range of several gigahertz, as required for these applications, is provided by one-and two-dimensional photonic crystal cavities (PhCs) 5, 6 . For these devices, a desirable material property is the combination of a high refractive index n and a large bandgap g E . The former is needed to guarantee good optical confinement, both through the creation of large optical bandgaps and via total internal reflection. The latter is desirable to avoid absorption and enable devices at visible wavelengths, but also to reduce two-photon absorption in high-quality factor cavities designed for the infrared. There are few materials which fulfill these inherently conflicting requirements. For a high refractive index, a material must have high polarizability at optical frequencies 7 , which is a property usually associated with rather weakly bound electrons. In contrast, a large bandgap generally implies strong electronic bonds between atoms. Interesting material choices for devices operating at 1550 nm are Si 3 13 ), for which the tradeoff between index of refraction and bandgap is apparent. Constraints on fabrication must also be taken into account, and processing of some of these materials, such as diamond and GaN, can be rather challenging [17] [18] [19] [20] . We have therefore chosen to focus on exploiting the material GaP for optomechanics with PhCs.
All GaP photonic crystals reported to-date have been fabricated on top of a sacrificial Al x Ga 1-x P layer that was removed in the region under the device by wet etching so that the refractive index contrast between GaP and air leads to strong confinement of the light 21 . This approach is viable only for free-standing structures; photonic devices such as waveguides or ring resonators cannot be realized in this manner. For such structures, a supporting layer is needed under the GaP, which should have a low index of refraction; the index contrast between Al x Ga 1-x P ( 2.98 n ≈ for x=0.20 22 ) and GaP is for many applications too low. GaP-on-diamond photonic devices have been demonstrated, where the substrate was chosen for the specific purpose of coupling to nitrogen vacancy centers [23] [24] [25] , but this is hardly a general-purpose platform. Here we introduce a process flow for producing GaP photonic devices on a SiO 2 substrate 26 , enabling integration with on-chip waveguides and grating couplers. Its broad applicability represents a substantial improvement over previous alternatives.
Using this approach, we carry out the first investigation of optomechanical coupling in an integrated, one-dimensional PhC made of GaP. Optomechanical coupling involves radiation pressure force providing an interaction between an optical resonator with frequency o ω and a mechanical resonator with frequency Ωm that are spatially overlapping. The interaction can be quantified by the optomechanical vacuum coupling rate 0 /
, where the displacement of the mechanical resonator x is expressed in units of the zero-point motion
, eff m is the effective mass, and h is the reduced Planck constant 27 . Efficient transduction of a photon to a quantum of mechanical vibration and vice versa requires, a high single-photon cooperativity . The devices presented are the first GaP PhCs fabricated in this manner, so we expect that these results represent only a first point of reference and both κ and 0 g and, therefore, C can be further improved.
METHODS

Design
The principle cavity design is a one-dimensional PhC comprising a free-standing GaP beam with a sequence of periodic elliptical holes that is interrupted in the middle by a defect region, where the dimensions of the holes are varied quadratically over a length of five holes on either side of a central hole 28 . To find a design that supports a trapped optical mode with a high quality factor Q o that at the same time exhibits a large g 0 , numerical simulations with the finiteelement multiphysics solver COMSOL 29 were performed. Contributions from both the photoelastic 30 and the moving boundary 31 effect were considered 32 . The geometry is described by the set of parameters indicated in Figure 1 (a). An additional degree of freedom is the waveguide thickness, for which approximately 300 nm was found to be a lower bound for achieving promising device designs. As a consequence of Maxwell's equations, the design can be scaled to suit the desired wavelength 33 . The model was optimized for 1550 vac λ = nm using a Nelder-Mead algorithm that iteratively maximizes the fitness, defined as
28 . An upper bound for the optical quality factor was set at were discovered, only one of which is presented in Figure 1 . In all cases, the electric field is concentrated in the defect region of the PhC with an antinode at the center (Figure 1(b) ), i.e. the optical mode is symmetric with respect to the x = 0 plane. The calculated mode volume for this particular mode is IMcXxxMP moving boundary effect would require the electric and displacement field amplitudes to be greater at the material boundaries. 
Fabrication
A schematic of the full device fabrication process is presented in Figure 2 26
. It begins with epitaxial growth of a GaP/Al x Ga 1-x P/GaP heterostructure by metal-organic chemical vapor deposition (MOCVD) on a 2-inch, [100]-oriented, 400 µm-thick, GaP substrate wafer. The top GaP layer is nominally 300-nm thick, and the intermediate Al x Ga 1-x P layer is 100-nm thick. This layer stack was bonded onto a 4-inch Si target wafer capped with 2 µm of SiO 2 34 . Both wafers are pre-coated with 5 nm of Al 2 O 3 . Removal of the GaP substrate after bonding was accomplished in a two-step process. The substrate was initially thinned down to ≤ 70 µm by wet etching in a commercial alkaline solution of K 3 Fe(CN) 6 (Gallium phosphide etchant, Transene) 26 . In the second step, GaP was selectively etched with respect to Al x Ga 1-x P by inductively-coupled-plasma reactive ion etching (ICP-RIE) with a mixture of SiCl 4 and SF 6 . The exposed Al x Ga 1-x P stop layer was then removed by submersion in HCl for 90 s.
The fabrication of GaP PhC cavities requires a high-resolution etch process capable of creating small features with a high aspect ratio and good dimensional accuracy. The design was written by e-beam lithography (Vistec EBPG 5200ES) in approximately 95-nm thick 6% hydrogen silsesquioxane (HSQ) (Dow Corning). Pattern transfer into the GaP device layer was accomplished with another ICP-RIE process employing a mixture of four gases: H 2 , CH 4 , Cl 2 and BCl 3 26 . Scanning electron microscope (SEM) images of the resulting PhCs (Figure 3 ) revealed that the hole diameters were about 5 -10 nm larger than designed. Moreover, the slower etch rate inside the holes (RIE lag) led to foot formation at the bottom edge (Figure 3 (b) ). Hence, reduced diameters at the bottom of some of the holes were observed.
The GaP PhCs were released by wet etching in buffered hydrofluoric acid (BHF) for 15 min to remove the underlying SiO 2 . Connecting waveguides and grating couplers were protected during this etch step with the photoresist AZ6612. 
Measurement
The principle characteristics of the measurement system (Figure 4 ) have been described previously 32 . All measurements were conducted under ambient conditions at room temperature, the latter was controlled by a Peltier element under the sample stage. Light from a tunable external-cavity infrared laser (Photonetics Tunics-Plus), optionally passing through a variable optical attenuator (Anritsu, MN9S18), was guided into the photonic crystal cavity through a cleaved singlemode fiber positioned above a grating coupler. The transmitted light, which leaves the chip through a second grating coupler, was collected by another cleaved single-mode fiber. The transmitted power was measured with an EXFO IQ 1600 power meter for recording transmission spectra. Optomechanical characterization of the transmitted light made use of an erbium-doped fiber amplifier (EDFA) followed by a tunable bandpass filter (Dicon, bandwidth 0.8 nm) and a fast photodiode (JDS Uniphase MAP Receiver RX10). Thermomechanical spectra are observed with an electrical spectrum analyzer (HP8563A). Calibration tone measurements of g 0 required an electro-optical phase modulator (EOM) (Thorlabs 10 GHz LN65S-FC) before the PhC, for which a signal generator (Agilent E8251) provided the radio frequency modulation signal. For observation of optomechanically induced absorption, the EOM was instead driven by the RF signal from a vector-network analyzer (VNA) (HP8510 C), which was also used to analyze the signal of the fast photodiode. 
RESULTS
Optical transmission
The normalized transmission spectrum through a photonic crystal cavity with N = 10 holes is displayed in Figure 5 . A Lorentzian fit of the optical resonance yields a quality factor of 65000
Here a reduced power of 6.6 µW entering the device was used to avoid the distortion of the resonance observed at higher powers ( Figure 6 (a) ). The resulting optical bistability, commonly referred to as peak dragging 35, 36 , is attributed to an increase in the refractive index of GaP and the consequent red-shift of the resonance frequency and can be caused e.g. by heating or by the optical Kerr effect. Assuming that the physical process underlying the optical bistability leads to a shift in resonance frequency that depends linearly on the energy circulating in the cavity, and assuming the power in the output waveguide out P is proportional to the energy in the cavity, the expression for the transmission under the influence of the bistability takes the form Combining this value with the peak transmission max 0.14 T ≈ yields an intracavity-energy-dependent frequency shift of 13 2.65 10 − × THz/J. We therefore estimate the energy in the cavity required to shift the resonance by its linewidth to be 155 aJ. 
Mechanical radio-frequency spectra
The mechanical eigenmodes of the GaP PhC can be detected by analyzing the radio-frequency modulation spectrum of the light transmitted through the cavity. Modulation of the intracavity light by Brownian motion leads to Lorentzian resonances in the power spectral density V S of the transduced photocurrent produced by the photodiode, as shown in Figure 7 . The amplitude of the resonances is proportional to the coupling rate 0 g of the individual mode. Therefore the resonance at Figure 7 ) is assigned to the breathing mode, for which the structure has been optimized to achieve a high vacuum optomechanical coupling rate 0 g . Its full-width at half maximum 2.58 Γ = MHz corresponds to a mechanical quality factor of 903 m Q = . Interestingly, we also observe three relatively strong overlapping resonances at slightly higher frequencies ranging from 2.64 GHz to 2.68 GHz, which have yet to be assigned. The discrepancy between the observed and simulated resonance frequencies may be associated with deviations from design in the geometry of the fabricated structure, but may also be due to the mechanical properties of these high surface-to-volume-ratio structures being different than those of bulk material 38, 39 . Figure 7 . Power spectral density V S of the transmission through a GaP PhC with 10 N = holes. Each peak corresponds to a mechanical eigenmode of the PhC. The prominent peak at 2.59 GHz (inset) is assigned to the mechanical breathing mode (blue dots) overlaid with a Lorentzian fit (red). The full-width at half maximum 2.87 Γ = MHz corresponds to a mechanical quality factor of 903 m Q = .
GHz (inset in
Optomechanical vacuum coupling rate
Calibration tone measurement
The amplitude of the resonances in the thermomechanical radio-frequency spectrum is directly proportional to 0 g , which can be quantified by performing a calibration tone measurement 40 . The power spectral density resulting from the thermomechanical cavity frequency fluctuation (2) is compared to that produced by the calibration tone (3).
Here m Ω and cal Ω denote the mechanical resonance frequency and the calibration tone frequency, which are set a few megahertz apart. m Γ is the linewidth of the mechanical resonance, and / Ω th B m n T k = h is the number of mechanical quanta, with T being temperature and B k the Boltzmann constant. β is the modulation depth of the phase modulator generating the calibration tone. For both signals, the power spectral density detected by the photodiode is given by 
As the frequencies m Ω and cal Ω are nearly the same, the transduction factor ratio is assumed to be 1. Figure 8 G n g = ⋅ is the pump enhanced coupling rate. Hence, by measuring the transmission profile and knowing the intracavity photon number n , the vacuum coupling rate 0 g can be derived 32, 41 .
Data from an OMIA measurement are displayed in Figure 9 . To extract κ and oc Δ we first fit the VNA transmission signal 21 S for two-photon detuning pc Δ swept over the full width of the optical resonance (Figure 9 (a) ) to (5) with G set to zero. The data from a reduced range, where the enhanced transmission peak is resolved (Figure 9 (b) ), are then fit to determine G . The result is combined with the intracavity photon number 11000 2000 n ≈ ± calculated from the transmitted power at a known detuning oc Δ to give 0 / 2 250 40 g
kHz. This result is in general agreement with the calibration tone measurement. 
DISCUSSION AND CONCLUSION
The work presented here constitutes the first observation of cavity optomechanics in photonic crystal devices made of GaP. It exploits a newly developed process flow for fabrication of integrated GaP-on-silicon dioxide devices that is expected to provide a broad range of opportunities for GaP-based nanophotonics. Optical quality factors as high as kHz. The results have been verified with the observation of optomechanically induced absorption. The disagreement with the simulated value of 900 kHz may be related to differences between the mechanical properties of bulk GaP and those of the high-surface-to-volume ratio devices presented here. Fabrication imperfections may also play a role, as we know that the as-fabricated dimensions of our devices deviate from design and some of the holes have a foot around the bottom edge. Indeed, there is still room for improvement in the process technology in terms of dimensional accuracy, sidewall profile, and sidewall roughness, all factors which are expected to influence o Q .
Of interest for future optomechanics applications is the non-centrosymmetric crystal structure of GaP, as it offers the possibility of piezoelectric actuation of the mechanical modes. For example, electrodes attached to the structure could potentially be used to excite or detect mechanical motion, providing a means for transduction between a high-frequency electrical circuit and an optical signal 2 .
